Abstract: Plant antioxidation system is composed of a series of complex mechanisms, in which many antioxidants including some special proteins are involved. Dehydrins are a family of late embryogenesis abundant (LEA) proteins which usually accumulate in plants during late embryogenesis or in response to environmental stresses. They were suggested to be associated with specific protective functions in plant cells, such as preventing coagulation of macromolecules and maintaining integrity of crucial cell structures. In recent years, many studies implied that dehydrins also play an antioxidative role to alleviate oxidative damage in stressed plants. They were proposed to scavenge radicals directly and sequester metals which are sources for radical generation to avoid the production of reactive oxygen species (ROS). In this paper, we will discuss the novel putative role of dehydrins in plant antioxidation mechanisms and how dehydrins perform their antioxidative activity.
Introduction
Dehydrins, also known as the group 2 or D-11 family of late embryogenesis abundant (LEA) proteins, are widely distributed in the plant kingdom. They are characterized by diverse combination of several conserved domains (Campbell & Close 1997; Allagulova et al. 2003) . The defining feature of dehydrins is a conserved 15-amino acid motif (EKKGIMDKIKEKIPG), named K segment. It was predicted to form an amphipathic α-helix, which was considered as an important structural property of dehydrins. Many dehydrins contain phosphorylable serine rich tract, called S segment. Phosphorylation of S segment was proposed to be related to the nuclear transport of dehydrins. Another conserved sequence (V/T)DEYGNP, which exists in the N-terminus of many dehydrins, is called Y segment. This segment has significant amino acid sequence relatedness to a portion of the nucleotide binding site of plant and bacterial chaperones (Close 1996 (Close , 1997 . According to the number and combination of these three conserved domains, an "Y n S n K n " nomenclature scheme within the dehydrin family has been developed (Close 1996) .
Dehydrins are typical stress-related proteins and usually accumulate in plants under environmental stresses with dehydrative component, such as drought, low temperature, and salinity (Close 1996) . Many studies indicated a positive correction between the accumulation of dehydrins and stress tolerance of plants. So, dehydrins were thought to be associated with crucial protective functions (Allagulova et al. 2003) . They were suggested to play an important role in protecting the functions of intracellular molecules and stabilizing cell structure against dehydration, such as protective activity toward stress-sensitive enzymes, binding and stabilizing the plasma membranes (Allagulova et al. 2003) . Recently, antioxidative activity has been proposed to be an important function of dehydrins, since the environmental conditions which induce the accumulation of dehydrins also produce reactive oxygen species (ROS) and induce oxidative stress in plants. ROS, such as superoxide radical, hydrogen peroxide (H 2 O 2 ) and hydroxyl radical, are toxic to plant cells, especially during stress process (Mittler 2002) . Therefore, antioxidation mechanisms are necessary for plants to eliminate the oxidative damage caused by excessive ROS. In this paper, we will discuss the antioxidative role of dehydrins in plant cells.
Many studies indicated that plant dehydrins have antioxidative activity
Results of studies on the subcellular localization suggested that dehydrins might have antioxidative activity. In stressed plants, dehydrins are widely distributed in cells and accumulate obviously around the cellular compartments susceptible to ROS. For example, nucleus is an area sensitive to the attack of ROS. Many dehydrins were detected to accumulate in nucleus and X. Sun & H.-H. Lin even interact with DNA. This localization of dehydrins indicates stabilization of chromosome and protection of the transcriptional machinery (Carjuzaa et al. 2008; Egerton-Warburton et al. 1997; Hara et al. 2009 ). Some dehydrins also accumulated in the vicinity of plasma membrane and were suggested to inhibit lipid peroxidation caused by ROS (Danyluk et al. 1998) . In the last a few years, dehydrins have been proved to be distributed in mitochondria and chloroplast (Borovskii et al. 2000; Mueller et al. 2003) , which are known to be important ROS-generating places and susceptible to the attack of free radicals (Salin 1991) . These results argued that the function of dehydrins is associated with ROS or dehydrins may play an antioxidative role in plants under environmental stresses.
It was demonstrated that a citrus dehydrin Cu-COR19 showed stronger inhibitory activity against free radical-inducing peroxidation than that of albumin, glutathione, proline and sucrose, which are known antioxidants. Thus, CuCOR19 was proposed to have antioxidative activity (Hara et al. 2003) . Overexpression of CuCOR19 also inhibited the lipid peroxidation in transgenic tobacco under cold stress (Hara et al. 2003) . Cell fractionation experiment of this transgenic tobacco showed that CuCOR19 was predominantly accumulated in mitochondria and soluble fraction. Because large numbers of ROS could be generated in mitochondria and then leak into cytosol when plants were subjected to low temperature, inhibition of lipid peroxidation in transgenic tobacco was suggested to be the result of the antioxidative activity of CuCOR19 accumulated in mitochondria and cytosol (Hara et al. 2003) . In addition, transgenic tobacco overexpressing rice dehydrin RAB16A and Brassica juncea dehydrin BjDHNs also displayed an enhanced stress tolerance with better antioxidative machinery, as reflected by reduced lipid peroxidation and membrane injury (RoyChoudhury et al. 2007; Xu et al. 2008) .
Recently, dehydrins were proved to be induced by ROS. Expression of a bean dehydrin gene PvSR3 was up-regulated by H 2 O 2 and heavy metals, which are known to catalyze the production of toxic ROS. Thus, PvSR3 dehydrin was suggested to protect cells against oxidative damage caused by ROS and metal ions (Zhang et al. 2006) . Dehydrin expression in plants was also showed to be enhanced by salicylic acid, a ROS (H 2 O 2 ) inducer (Li et al. 2004; Zhang et al. 2006) . Salicylic acid could induce multiple stresses tolerance in plants, but it is also known as an inhibitor of antioxidant enzyme activities and result in ROS accumulation (Vasyukova & Ozeretskovskaya 2007; Yuan & Lin 2008) . In this case, its effects on the expression of dehydrins could be proposed to play an important role in plant oxidative tolerance with the reduced antioxidant enzyme activities.
Therefore, antioxidative activity would be suggested to be a novel putative function of plant dehydrins. It is well known that there are two aspects of antioxidation mechanisms in plant cells: the scavenging of free radicals which already existed, and the avoiding of ROS production (Mittler 2002) . So, the antioxidative activity of plant dehydrins can be discussed also from these two aspects.
Radical scavenging activity of plant dehydrins
Studies in recent years indicated that dehydrins are antioxidative proteins which can directly scavenge free radicals. For example, the citrus dehydrin CuCOR19 has been demonstrated to scavenge hydroxyl radicals and peroxyl radicals which are toxic to cells. And it was more potent than mannitol and approximately equal to BSA, which is known as radical scavenger (Hara et al. 2004 ). This radical scavenging activity was suggested to be a result of the high content of amino acid residues susceptible to oxidative modification. It was reported that amino acids, such as glycine (Gly), histidine (His), and lysine (Lys), were targets for radical-mediated oxidation in proteins (Dean et al. 1997) . Analysis of amino acid composition showed that Gly, His, and Lys are major residues in CuCOR19. These three amino acids accounted for 15.8%, 12.9%, 12.9%, respectively, and 42% together, of all residues. Indeed, oxidative modification of CuCOR19 was detected during the radical scavenging process (Hara et al. 2004 ). Thus, CuCOR19 was suggested to deplete free radicals through oxidative modification way.
Amino acid composition data showed that content of Gly, His, and Lys in dehydrins, not only citrus Cu-COR19, are always high. Therefore, the amino acidresponsible radical scavenging activity should not be exclusive to individual types of dehydrins, but can be suggested to be a common feature of plant dehydrins. For example, Arabidopsis possesses ten genes for dehydrins and dehydrin-like proteins. The Gly, His, and Lys in Arabidopsis dehydrins account on average for 12.4%, 6.9%, and 13.5%, respectively, of all amino acid residues (Hara et al. 2004 ). The situation in barley, a widely used material in research of dehydrins, is similar to that of in Arabidopsis. A statistical analysis of the total collection of genomic clones brings the estimated size of barley dehydrin gene family to thirteen, which were known as Dhn 1 to 13 (Choi et al. 1999) . The proportions of Gly, His, and Lys in the proteins encoded by these thirteen genes (DHN 1 to 13) are described in Table 1 . And recent studies also suggested that the barley dehydrins might be oxidatively modified by free radicals under stress conditions (Sun et al. 2006 (Sun et al. , 2009 . Because of the wide distribution in plant cells, dehydrins are supposed to be a family of radical scavenging proteins.
Avoiding of ROS production by plant dehydrins
In recent years, dehydrins were proposed to prevent ROS production by sequestering metals which are sources for radical generation. Metal-binding activity has been reported to be shared by many dehydrins belong to different types (Table 2) . For example, wheat dehydrin WCOR410 was suggested to be an ion-binding protein in the vicinity of plasma membrane (Danyluk et al. 1998) . A 32-kDa soy dehydrin could be captured by a Cu 2+ -charged chelating column (Herzer et al. 2003 ). An iron transport dehydrin ITP in castor bean preferentially bound to Fe 3+ and also complexes Cu 2+ , Zn 2+ , Mn 2+ (Krüger et al. 2002) . Four Arabidopsis dehydrins (RAB18, COR47, LTI29 and LTI30) could interact with Cu 2+ and Ni 2+ . LTI30 could also bind Co 2+ and Zn 2+ (Svensson et al. 2000) . In addition, Arabidopsis dehydrins COR47, ERD10, and ERD14 had the ability to interact with Fe 2+ , Mn 2+ , and Mg 2+ (Alsheikh et al. 2005) . These three dehydrins and a celery dehydrin VCaB45 also had a phosphorylation-dependent Ca
2+
-binding activity (Alsheikh et al. 2005; Heyen et al. 2002) .
Catalytic metals, such as Fe and Cu, mainly exist as metal-protein forms in plants under normal growth conditions. However, they can be released as free ions when plants are exposed to environmental stresses. These free ions are required to produce highly toxic radicals via the Haber-Weiss or the Fenton reactions (Jiang 1999; Mittler 2002) . So sequestering of free metal ions could avoid the formation of toxic ROS and alleviate the oxidative damage suffered by stressed plants. Antioxidative proteins, such as metallothionein, ceruloplasmin, and serum albumin, were indicated to control the generation of radicals by chelating metals (Kang et al. 2001; Soriani et al. 1994; Vasak & Hasler 2000) . Therefore, plant dehydrins could also analogously prevent the production of ROS by sequestering metal ions, especially the catalytic metals.
Since no metal-binding motif was found, metalbinding activity of dehydrins was suggested to be attributed to the high content of His, which was indicated to be involved in metal-protein interactions (Battaglia et al. 2008; Svensson et al. 2000) . In general, His residues are rare in proteins, with the proportion being 2% of amino acid content (Ueda et al. 2003) . However, plant dehydrins contain a much higher proportion of His. For example, the range of His content in ten Arabidopsis dehydrins and dehydrin-like proteins was 3.2% to 13.5% (Hara et al. 2005) . The proportion of His in several metal-binding dehydrins is described in Table 2 . It is also noticed that many dehydrins contain His-His pairs and His-X3-His motifs (Table 1 , 2, and others not shown; X3 represents other three amino acid residues). The His-His pairs were reported to absorb metals more strongly than single His residues (Porath 1992; Svensson et al. 2000) . And the His-X3-His motifs also showed strong metal-binding activity by locating the two His close together on the surface of a self-forming helix (Suzuki et al. 1998) . A recent study also indicated that a His-rich sequence in citrus dehydrin CuCOR15, HKGEHHSGDHH, showed a similar binding activity to CuCOR15 itself, and was suggested to be a core sequence to bind metals. This sequence was suggested to form a loop structure similar to Zn finger motif and provide the two His-His pairs to connect together in order to bind more metals (Hara et al. 2005 ). In addition, dehydrins are known as Glyrich proteins, and the flexibility imbued by a high Gly content was suggested to allow multiple His residues to make contact with metal ions (Tunnacliffe & Wise 2007) .
Because of the high content of His and the strong metal-binding domains like His-His pairs and His-X3-His motifs, plant dehydrins can be suggested to be ionsequestering antioxidative proteins which can prevent the metal-required production of radicals.
Concluding remarks and future perspectives
From the above, a role of dehydrins in plant antioxidation could be proposed since the ability to scavenge free radicals directly and prevent the production of ROS by binding metals. The antioxidative activity of dehydrins is mainly due to their amino acid composition. Content of amino acid residues which are susceptible to oxidative modification and involved in metal-protein interactions are higher in dehydrins than in general. Environmental stresses such as drought, cold, and salinity always cause oxidative damage to plants. Therefore, the accumulation of antioxidative dehydrins is possibly crucial for plants to adapt to a wide range of stresses. However, such conclusion is mainly speculated on the results from experiments in vitro and direct evidences are still limited to clarify the antioxidative role of dehydrins under physiological conditions. It is noticeable that activity of dehydrins may vary under situations in vivo and in vitro. For example, the dehydrin ITP in castor bean could interact with Fe 3+ plus Cu 2+ , Zn 2+ , and Mn 2+ in vitro, but only bound Fe 3+ in vivo (Krüger et al. 2002) . Therefore, further investigation is necessary to understand the detail role of dehydrins in plant antioxidation mechanism.
